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Abstract. Ecosystems across the United States are changing in complex and surprising ways. Ongoing
demand for critical ecosystem services requires an understanding of the populations and communities in
these ecosystems in the future. This paper represents a synthesis effort of the U.S. National Science Founda-
tion-funded Long-Term Ecological Research (LTER) network addressing the core research area of “popula-
tions and communities.” The objective of this effort was to show the importance of long-term data
collection and experiments for addressing the hardest questions in scientific ecology that have significant
 v www.esajournals.org 1 May 2021 v Volume 12(5) v Article e03432
implications for environmental policy and management. Each LTER site developed at least one compelling
case study about what their site could look like in 50–100 yr as human and environmental drivers influenc-
ing specific ecosystems change. As the case studies were prepared, five themes emerged, and the studies
were grouped into papers in this LTER Futures Special Feature addressing state change, connectivity, resili-
ence, time lags, and cascading effects. This paper addresses the “connectivity” theme and has examples
from the Phoenix (urban), Niwot Ridge (alpine tundra), McMurdo Dry Valleys (polar desert), Plum Island
(coastal), Santa Barbara Coastal (coastal), and Jornada (arid grassland and shrubland) sites. Connectivity
has multiple dimensions, ranging from multi-scalar interactions in space to complex interactions over time
that govern the transport of materials and the distribution and movement of organisms. The case studies
presented here range widely, showing how land-use legacies interact with climate to alter the structure
and function of arid ecosystems and flows of resources and organisms in Antarctic polar desert, alpine,
urban, and coastal marine ecosystems. Long-term ecological research demonstrates that connectivity can,
in some circumstances, sustain valuable ecosystem functions, such as the persistence of foundation species
and their associated biodiversity or, it can be an agent of state change, as when it increases wind and water
erosion. Increased connectivity due to warming can also lead to species range expansions or contractions
and the introduction of undesirable species. Continued long-term studies are essential for addressing the
complexities of connectivity. The diversity of ecosystems within the LTER network is a strong platform for
these studies.
Key words: alpine tundra; Antarctic polar desert; arid grassland; arid shrubland; coastal; estuary; salt marsh; Special
Feature: Forecasting Earth’s Ecosystems with Long-Term Ecological Research; urban ecosystem.
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INTRODUCTION
Ecosystems around the world are changing in
complex and often surprising ways (Grimm et al.
2013). Analysis of these changes requires coordi-
nated networks of geographically distributed
sites for long-term ecological research (Golley
1996, Peters et al. 2014a). The challenge of study-
ing ecosystem change has intensified in recent
years along with accelerating climate change, air
and water pollution, land-use change, agricul-
tural intensification, and species movement (Stef-
fen et al. 2005). A major challenge for ecologists
is to understand how ecosystems change in order
to predict the consequences of these changes for
diverse elements of society. Because ecosystems
comprise interactions across populations, com-
munities, and the environment, forecasting how
changing environmental conditions will drive
ecosystem transformations and their associated
functions and services will demand coordinated
analytical and comparative approaches.
The capacity for environmental science to pro-
vide societally relevant information on ecosys-
tem change is greatly facilitated by the existence
of research and monitoring networks (Peters
et al. 2008). The Long-Term Ecological Research
(LTER) network funded by the U.S. National
Science Foundation (NSF) is a group of long-
term, site-based research programs aimed at
understanding ecological processes over the long
term in a wide range of different ecosystem
types. The LTER network began in 1980, with
roots in earlier network efforts such as the Inter-
national Biosphere Program (Callahan 1984).
LTER sites were selected through a competitive
process based on investigator-driven ideas about
how to study ecological phenomena over long
time periods using experiments, long-term moni-
toring, modeling, and comparative studies. Since
the program began, data collection at each site is
organized around five core research areas: pri-
mary production, population dynamics, move-
ment of organic matter, movement of inorganic
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matter, and disturbance. LTER sites also carry
out integrative, comparative research at multiple
sites within the LTER network to examine com-
monalities and trends at scales broader than a
single site.
Synthesis to facilitate the flow of information
from site-based and network-level LTER studies to
diverse sectors of society is accomplished via sev-
eral mechanisms, including thematic working
groups at network meetings. During one such
working group focused on the core research area
of populations and communities, it became appar-
ent that each LTER site had at least one com-
pelling case study about what their site could look
like in 50–100 yr as a result of changing human
and environmental conditions. Here, we compiled
these case studies as a broadly applicable and rele-
vant assessment of how ecosystems across the net-
work are changing and to show the importance of
long-term data collection and experiments for
addressing the hardest questions in basic science
ecology that have significant implications for envi-
ronmental policy and management. The emer-
gence of consistent themes among sites catalyzed
the identification of five different papers focused
on the following topics: state change, connectivity,
resilience, time lags, and cascading effects.
This paper addresses the topic of connectivity
and includes case studies from the Phoenix (ur-
ban), McMurdo (Antarctic polar desert), Niwot
Ridge (alpine), Plum Island (coastal, estuarine),
Santa Barbara (coastal), and Jornada (drylands)
sites. Spatial and temporal connectivity is a key
factor influencing the structure, function, and
dynamics of ecosystems (Huston 1999, Peters
et al. 2008). Connectivity can involve multi-scalar
interactions in space (Holling 1992, Peters et al.
2004, Peters et al. 2007) as well as complex inter-
actions with time (Carpenter and Turner 2000,
Foster and Aber 2004) that influence transport of
materials (Reiners and Driese 2003). Similarly,
the significant movement of organisms that
determines ecosystem structure can occur over
multiple spatial and temporal scales (With et al.
1997, Crowl et al. 2008). The case studies pre-
sented here illustrate the expanding scope of con-
nectivity research within the LTER network and
range from showing how land-use legacies inter-
act with climate to alter the structure and func-
tion of arid ecosystems to analysis of how
climatic variation drives flows of resources and
organisms in Antarctic polar desert, alpine
ecosystems, urban, and coastal marine ecosys-
tems. The case studies highlight that continued
long-term studies are essential for addressing the
complexities of connectivity and that the diver-
sity of ecosystems within the LTER network is a
strong platform for these studies.
The case studies, and lead authors for the dif-
ferent sections, are as follows:
1. What Could the Central Arizona–Phoenix
Region Look Like in the Future? David M.
Iwaniec, Elizabeth M. Cook, and Melissa J.
Davidson
2. Connections Will Moderate a Polar Desert
Ecosystem’s Future: McMurdo Dry Valleys,
Antarctica: Michael Gooseff, Byron Adams,
Jeb Barrett, and Diane McKnight
3. Connections Are Key to Explain Ecological
Responsiveness to a Changing Climate: high
Mountain Landscape of Niwot Ridge:
Katharine Suding, Chris Ray, Daniel Pre-
ston, Pieter Johnson, Marko J. Spasojevic,
and Timothy Seastedt
4. Home on the Expanded Range in the Plum
Island Ecosystems: How Do Climate
Migrants Influence Their New Ecosystems?
David Samuel Johnson
5. What Long-Term Data Tell Us About Short-
Lived Species in the Santa Barbara Coastal
Ecosystem: Daniel C. Reed, Max C. N. Cas-
torani, Robert J. Miller, and Andrew Rass-
weiler
6. The Future of Landscapes in the American
Southwest: Jornada Basin: Debra P. C.
Peters, Laura F. Huenneke, Robert L. Schoo-
ley, Osvaldo E. Sala, Enrique R. Vivoni, Gre-
gory S. Okin, Niall P. Hanan, Brandon T.
Bestelmeyer
WHAT COULD THE CENTRAL ARIZONA–
PHOENIX REGION LOOK LIKE IN THE FUTURE?
Central Arizona–Phoenix (CAP) LTER is one
of two urban ecosystem LTER sites. Urban
ecosystems provide unique opportunities to eval-
uate multiple dimensions of connectivity, from
biophysical drivers such as climate to social dri-
vers such as economics and human preferences.
Situated in the Sonoran Desert, the study region
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consists of 23 municipalities including the city of
Phoenix, the fifth most populous municipality in
the nation. Since 1997, CAP LTER has been con-
ducting interdisciplinary research to understand
urban ecosystems, including the connections
between natural and built components of this
social–ecological system. In addition to being
one of the fastest growing municipalities in the
nation, the future of the Phoenix urban ecosys-
tem faces a number of pressing challenges.
One of the most pressing challenges for this
area is climate change. Regional temperatures are
expected to climb over the next century. Summer
temperatures are projected to rise an average
1.9°C by 2050 and up to 5°C from 2070 to 2099
(Overpeck et al. 2013). Even without accounting
for likely increases in urbanization, the region
could face an additional 30 d per year with tem-
peratures above 35°C, plus an additional 30 d per
year with a maximum temperature over 46°C
(Kunkel et al. 2013). Higher temperatures lead to
exponentially higher deaths and heat-related ill-
nesses, increased power use and carbon dioxide
emissions from air conditioning, increased wild-
fire risks at urban–wildland interfaces, and
reduced snowpack at elevation. While tempera-
tures rise, drought projections for the region also
rise. Annual precipitation in central Arizona is
projected to decrease 10–20% by the end of the
21st century with increasing likelihood of
extended droughts (Kunkel et al. 2013, Overpeck
et al. 2013). At the same time, extreme precipita-
tion events (high rainfall per hour) are likely to
increase and cause flash flooding. Heat stress,
increasing temperatures, and rising evapotranspi-
ration will exacerbate reduced water supplies.
Cities increasingly face interdependent future
challenges that are difficult to predict and plan
for, especially in the long term. As with all hot,
arid cities, heat and water are especially impor-
tant challenges that interact with social factors,
infrastructure, land, water, and energy. Decision-
makers struggle with approaches to understand,
explore, and plan for the future. Moreover, pre-
dictive models of complex urban social–ecologi-
cal systems do not exist and are challenged by
keeping up with rapid human innovation. Rather
than relying on business-as-usual or predictive
future models, at CAP, we are investigating the
future of the region by integrating a long-term
historical understanding of the system with a
participatory approach to co-develop diverse
long-term future scenarios (Iwaniec et al. 2020a,
b). The scenarios integrate CAP long-term data
on heat and climate dynamics, human popula-
tion, socioeconomic, and institutional dynamics,
land-use/land cover patterns, and human provi-
sioning and management of water. The develop-
ment of these scenarios allows for the
exploration of changing connectivity among the
future urban social and ecological systems, as
well as potential implications, trade-offs, and
uncertainties of future trajectories of social–eco-
logical change.
Research on urban social–ecological systems
generates essential knowledge on the develop-
ment of cities. However, the formulation of inno-
vative ideas and solutions for the future of cities
requires connected and integrative approaches
that address not only spatial and temporal con-
nectivity but also connections among diverse
research and city planning needs. We brought
together a diverse group of social and environ-
mental leaders from across the region to explore
the unique challenges and opportunities we face
in our urban desert environment. The process
enabled the collaboration of decision-makers,
researchers, and practitioners as full partners in
developing future scenarios. Together, we devel-
oped scenarios that explore challenges and solu-
tions to issues such as future population growth,
urban development, diminishing resources,
increasing heat, extreme events, and improving
the community’s well-being. Through a series of
workshops, the participants developed alterna-
tive future scenarios and pathways from the pre-
sent to 2060 for the Phoenix urban ecosystem
through activities such as creating actor-oriented
narratives and participatory systems mapping.
The scenarios were then evaluated by partici-
pants with quantitative and qualitative model
outputs that, for example, address future
changes in connectivity of land use/land cover
(Fig. 1), water use and availability, regional and
human-scale heat and flood vulnerability, and
other sustainability and resilience assessments
(Georgescu et al. 2011, Zhang et al. 2013, Middel
et al. 2014, Georgescu 2015, Sampson et al. 2020,
Iwaniec et al. 2020b).
Among the scenarios, our partners co-identi-
fied three that explore how the region can adapt
by 2060 to extreme drought, heat, and flooding:
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1. The True Cost of Water scenario addressed
adaptation to extreme drought with strate-
gies focused on long-term water security
and aggressive water conservation, central-
ized water capture and reuse, and an
emphasis on banking water underground.
This scenario explored potential implica-
tions involving large decreases in urban
vegetation and peri-urban agriculture in the
face of future droughts.
2. The Cool It or Lose It scenario addressed heat
equity with green and gray infrastructure
connected throughout the urban region for
increased walkability. These strategies prior-
itized human-scale adaptations in infras-
tructure and livable microclimates rather
than regional effects of urban heat island.
3. The Desert Wetland scenario addressed
future urban flooding by incorporating a
multi-scalar (neighborhoods, cities, region)
network of connected floodplains and
parks. During extreme precipitation events,
the highway system becomes an additional
floodway to increase hydrologic connectiv-
ity and convey water out of the city to water
recapture and storage areas, as well as agri-
cultural zones.
The collaborating practitioners and researchers
also co-developed three transformative scenarios
that suggest radically different, yet desirable
futures for the CAP region:
1. The Healthy Harvest Hubs scenario explored
implications of a highly centralized and con-
nected urban form. This scenario envisioned
concentrated hubs of agriculture and renew-
able energy systems connected via high-
speed transit and green corridors to dense
urban hubs throughout the region.
2. The Emerald City scenario balanced trade-
offs among strategies to address future
drought, flood, and heat. For example, simi-
lar to the True Cost of Water scenario, this
Fig. 1. Central Arizona–Phoenix 2060 regional land use/land cover representing major urban form changes
explored in the six co-developed scenarios.
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scenario featured aggressive water conser-
vation strategies for drought, yet much of
the water infrastructure in the Emerald City
was decentralized and supported on-site
green infrastructure to mitigate rising urban
temperatures.
3. The Almost Zero Waste scenario featured
strategies to reduce water, material, and
energy waste. To meet these goals, this sce-
nario shifted away from large-scale, peri-ur-
ban agriculture to small-scale urban
agriculture, decentralized solar energy
infrastructure, tightly coupled rain and
stormwater capture infrastructure, and
novel green economy innovations to sup-
port reused materials diverted from the
waste stream.
The development of these six scenarios
allowed the transdisciplinary group of partici-
pants to explore alternative future actions, poli-
cies, and strategies with different forms of
connected infrastructure, green space, and gover-
nance to improve urban sustainability and resili-
ence (https://sustainability.asu.edu/future-scena
rios/). This form of futures research allows us to
address different challenges, connect diverse
stakeholders and sectors to co-develop innova-
tive solutions, and contribute to future planning
and decision-making across connected scales.
CONNECTIONS WILL MODERATE A POLAR
DESERT ECOSYSTEM’S FUTURE—MCMURDO
DRY VALLEYS, ANTARCTICA
The McMurdo Dry Valleys (MDVs) of Antarc-
tica are an ecosystem that is driven strongly by
connectivity between glaciers, streams, and lakes
through streamflow from melting glaciers, which
is controlled by climate. The valleys are a polar
desert consisting of glaciers, streams, ice-covered
closed basin lakes, and exposed arid soils with
no vascular vegetation present. It is the largest
ice-free region of Antarctica. The climate is cold
(mean annual air temperature of 18°C, Doran
et al. 2002a) and dry (<10 mm of snow water
equivalent annually, Fountain et al. 2010). There
are no “higher” plant or vertebrate animal taxa
in this system; hence, the biology is driven by
microbes and a very limited number of micro-
scopic invertebrate species. The ecosystem is
poised at the phase change of water with multi-
ple freeze–thaw cycles occurring over daily time-
scales during the brief austral summer (Fountain
et al. 1999). Therefore, this ecosystem and its resi-
dent biota are sensitive to small changes in cli-
mate (Fountain et al. 2016, Knox et al. 2017,
Wlostowski et al. 2018).
Average summer air temperatures decreased
significantly between 1987 and 2002 (Doran et al.
2002b). This led to several physical changes to
the ecosystem, such as declines in glacial meltwa-
ter generation, thickening ice covers on lakes,
declining lake levels (lakes are endorheic, so
levels are a balance of added glacial melt and
loss due to evaporation of liquid water in the
summer and sublimation of ice cover year
round), and reduced photosynthetically active
radiation flux to the lake water columns under-
neath the 4 m thick ice cover. Further, the con-
nections of glaciers to streams, streams to lakes,
and soils to glaciers, streams, and lakes were
diminished during this period. These changes
also had an impact on communities and ecologi-
cal processes as populations of soil nematodes
and lake primary productivity, and the biomass
of stream microbial mats decreased (Doran et al.
2002a, Kohler et al. 2015b). However, in 2002 a
period of warm, sunny weather induced record
glacial meltwater generation causing record
streamflow and lake-level rise. This single season
“flood” event was followed by a decade of stabi-
lized modal summer air temperatures and high
solar flux (Gooseff et al. 2017). Consequently,
lake ice thinned, lake levels rose, and glacial
meltwater generation was greater than observed
during the cooling period, enhancing physical
(i.e., streamflow and winter aeolian) connectivity
of the landscape. The ecosystem responded with
increasing lake primary productivity, a stabiliza-
tion of soil invertebrate populations, and increas-
ing stream algal mat biomass (Fig. 2). These
decadal trends in the McMurdo Dry Valley
ecosystem are a direct result of corresponding
climate patterns and events.
Models of future climate in this region of
Antarctica predict a warming trend over the next
several decades (Chapman and Walsh 2007,
Walsh 2009). Given the close proximity to
McMurdo Sound, which loses its sea ice at least
partially every austral summer, there is uncer-
tainty about how the climate of the MDVs will
 v www.esajournals.org 6 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
respond. Solar radiation is the greatest surface
energy flux during the austral summer. How-
ever, warming of air temperatures may cause
increased cloud formation from open ocean
waters, shading the solar flux to this ecosystem.
With little change to solar radiation, a warmer
climate would cause increased melt of snow and
ice. The increased melt would increase
Fig. 2. Past observations and future projections in the McMurdo Dry Valleys of (A) mean summer air tempera-
ture and solar radiation, and ecosystem properties: (B) stream algal mat biomass reported as ash-free dry mass
for streams in the Lake Fryxell basin, (C) primary productivity of West Lobe of Lake Bonney, and (D) soil inverte-
brate Scottnema sp. populations.
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streamflows, lake levels, and soil moisture across
the landscape. The biological responses to these
changes would likely include decreased stream
algal mat biomass due to high streamflow scour
(Kohler et al. 2015a, b), increased surficial fresh-
water habitat in our highly stratified lakes which
may support increased primary productivity in
lake water columns, and changes in invertebrate
species abundance and community composition
(Fig. 2; Gooseff et al. 2017, Andriuzzi et al. 2018).
Alternatively, because solar radiation is the lar-
gest contribution to the surface energy balance,
decreased solar radiation (due to increased
cloudiness) would result in decreased snow and
ice melt (air temperature rise is not likely to com-
pensate for decreased solar radiation) and there-
fore decreased streamflow, soil moisture, and
lowering of lake levels (Fig. 2). The biological
response to these changes would likely be
decreases in soil invertebrate populations (Doran
et al. 2002a), decreased algal mat biomass if
streamflow seasons shorten and increased algal
mat biomass if flows are low but streamflow sea-
sons remain unchanged, and lower primary pro-
ductivity in lake water columns, which are
strongly light-limited. Whereas the increased
surface energy input to the landscape would be
expected to enhance physical connectivity within
this ecosystem, the opposite would be expected
for lower surface energy input. These two con-
trasting potential future ecosystem states illus-
trate the important interactions between summer
air temperature and controls on the hydrologic
cycle driven by radiation.
Another unanticipated response to the “flood”
event in 2002 was the appearance of a wetland in
an area that had been dry during the previous
decade. Fortuitously, long-term soil experiments
had been established in this area. The detailed
data on the distribution of soil biota prior to the
re-activation of the wetland had shown a greater
diversity of soil fauna with species typically
found in near stream environments more abun-
dant than in dry soil environments (Nielsen et al.
2012). Subsequent mapping of the soil biota
along transects in the wetland area showed that
the spatial patterns in the soil biota composition
matched with the boundaries of the saturated
area during the flood event (Nielsen et al. 2012).
During the three higher flow summers following
the initial 2002 flood event, the wetland was also
re-activated. During the 2008/09 event, we stud-
ied the flowpaths and water retention in the wet-
land by adding a conservative tracer to the
inflow spring (Wlostowski et al. 2019). The pulse
of tracer rapidly attenuated downstream and
was undetectable in the main wetland area, indi-
cating a large multi-year reservoir of water that
had thawed during the warm summer. This
hydrologic condition contrasts with the drainage
of the hyporheic zone adjacent to streams at the
end of the summer and explains the uniform
chemistry of the interstitial water throughout the
wetland. In contrast to the diverse soil fauna in
the wetland, the perennial microbial mats in the
channels of the wetland have a less diverse dia-
tom flora dominated by taxa that are present but
much less abundant in the stream microbial
mats. As a whole, these studies suggest that the
re-activation of distinctive wetland ecosystems
during warm sunny summers contributes to
landscape connectivity of the MDVs.
Whereas the short warming event of January
2002 induced substantial changes across the
MDVs landscape, should those warm, sunny
conditions become the norm, we would expect a
significant physical reorganization of this land-
scape, which would cause changes to habitats,
biogeochemical cycling rates, and likely food
webs. However, for any changes to manifest
from one austral summer to the next, the changes
have to persist through the cold, dark winters of
Antarctica, which remain an important barrier to
adaptation.
CONNECTIONS ARE KEY TO EXPLAIN
ECOLOGICAL RESPONSIVENESS TO A CHANGING
CLIMATE—HIGH MOUNTAIN LANDSCAPE OF
NIWOT RIDGE
Research at the Niwot Ridge high-mountain
LTER site (NWT) shows how connectivity of
resources and organisms between ecosystems
and the atmosphere, between different compo-
nents of the landscape, and across seasons cre-
ates variation in ecosystem sensitivity to climate.
Indeed, responsiveness to climate drivers has
been shown to vary widely among ecosystems in
many locations (Williams et al. 2008, Ackerly
et al. 2015). A major theme of the research at
NWT is to explain this variability and forecast
where and when changes in climate drivers will
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result in ecosystem change. Why are some sys-
tems and some locations apparently insensitive
to seemingly large shifts in climate, while others
shift dramatically in response to comparatively
small changes to the environment?
Mountain ecosystems are traditionally charac-
terized as both extreme and highly variable
(Fig. 3, Billings and Mooney 1968). Almost 60 yr
ago, Bliss (1956) concluded that the alpine tundra
environment was one of the most severe on
earth, with stronger winds, higher maximum
radiation, higher surface temperatures, and
greater desiccation risk than even the arctic tun-
dra. High topographic relief and variation in sub-
strate age and depth associated with glacial and
periglacial activity yield high spatial heterogene-
ity (Leopold et al. 2008, Litaor et al. 2008, Malan-
son et al. 2012). In addition, precipitation can
vary by threefold between a wet and dry year,
and monthly temperatures can vary by as much
as 10°C between a warm and cold year.
In a recent Intergovernmental Program on Cli-
mate Change report, winter snow cover was
noted as one of the fastest-changing climate fea-
tures (Vaughan et al. 2013). Consistent with
global patterns, long-term records at our study
site indicate increased positive degree-days and
earlier snowmelt times (Kittel et al. 2016, Preston
et al. 2016), with rising spring temperatures, ear-
lier snowmelt, and drier summers. Niwot Ridge
has also experienced increased “dust on snow”
events over the last decade, which reduces
albedo and further accelerates melting (Painter
et al. 2007, Neff et al. 2008). An earlier snowmelt
results in a longer growing season, higher grow-
ing degree-days, and often a larger soil moisture
deficit (Schoeb et al. 2009, Wipf 2010). Across
Colorado, snowmelt timing has progressed by
approximately three weeks since the 1970s (Clow
2010), including an increase in lake ice-off dates
by a week (Preston et al. 2016); similar progres-
sion in snowmelt timing is occurring regionally
(Stewart 2009, Pederson et al. 2011).
Given this high variability in environmental
drivers combined with high sensitivity of the
alpine biota to these drivers, we expect the
responsiveness of mountain ecosystems to vary
widely. Nonetheless, earlier snowmelt, warmer
springs and summers, and more frost-without-
snow events are likely to be characteristic of an
Fig. 3. Mountain ecosystems, such as Niwot ridge and the Green Lakes Valley, shown here, are traditionally
characterized as both extreme and variable, with complex terrain creating high spatial variability. This variability
can both influence the exposure to climate in a particular area in the landscape as well as the sensitivity to those
changes. Photo credit: W. Bowman.
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ongoing and important change across high-ele-
vation mountain regions. In looking to the
future, we expect that many of the changes at
Niwot will depend on how longer summers (or
more precisely, a longer snow-free period) will
affect different elements of the system.
We expect large declines in populations of pika
(Ochotona princeps, an important herbivorous
small mammal in this system), with the possibil-
ity of local extinction at our study sites on Niwot
Ridge within a decade. Chronic stress in pikas
that inhabit warming sub-surface microclimates
indicates the detrimental loss of sub-surface ice
(Wilkening et al. 2013, Wilkening et al. 2015) and
much lower survival in chronically stressed pikas
(Wilkening and Ray 2016). We found that the
composition of available forage and of forage
cached for overwinter survival in the haypiles of
American pikas shifted over time (Bhattacharyya
and Ray 2016), resulting in a reduction of forage
quality. Pikas born early in longer summers may
be forced to disperse during peak, stressful tem-
peratures (Wilkening et al. 2015). At the other
extreme, cold events in the absence of insulating
snowpack increase mortality (Ray et al. 2012,
Yandow et al. 2015). Climatic factors governing
local habitat quality and sub-population connec-
tivity are projected to drive the decline of pikas
in at Rocky Mountain National Park near Niwot
(Schawlm et al. 2016, Fig. 4).
With increased growing season length, tundra
vegetation will likely expand uphill into cur-
rently barren soils (Suding et al. 2015), for which
microbial communities may facilitate plant colo-
nization in some areas (King et al. 2012, de Mes-
quita et al. 2016). At the very highest elevations,
vascular plant abundance is limited due to the
short growing season (<20 d in some areas).
Here, we expect that a longer growing season
will enable plants to expand into these barren
areas, which have already been detected over the
last three decades. We further predict that future
plant communities will be structured by the
diverse and active microbial communities that
thrive in these unvegetated sites (King et al.
2010), as strong symbiotic relationships will
allow plants to tolerate the severe nutrient limita-
tion inherent to these high elevations (Knelman
et al. 2014, Schmidt et al. 2015). Within the estab-
lished tundra, we expect similar responses in
snowbed areas, where a longer growing season
would enable more plants to persist (Fig. 5).
As opposed to tundra expansion, treeline areas
are not anticipated to move upward in response
to longer growing seasons because of moisture
stress. Forest expansion has been much slower
and has mostly consisted of infilling lower eleva-
tion areas. Earlier snowmelt and warmer sum-
mers have been linked to decreased primary
productivity in subalpine forests (Hu et al. 2010)
and accelerated tree mortality (Smith et al. 2015,
Conlisk et al. 2017). Warmer temperatures and
enhanced evapotranspiration further increase the
soil moisture deficit (Moyes et al. 2013, Knowles
et al. 2014), suggesting that water limitation may
be a primary constraint on treeline expansion.
These same constraints on treeline do not appear
to hold for woody shrub expansion into the tun-
dra. Over the last several decades, shrubs
Fig. 4. Example of a pika population predicted to
experience a steady decline throughout this century in
an area near Niwot Ridge, Rocky Mountain National
Park (ROMO). Shown are the total potential habitats
and predicted occupant probability using an ensemble
climate model with two carbon forcings; RCP 8.5, a
“business as usual,” “high emissions,” “worst-case”
scenario, and RCP 4.5, a stabilization scenario, where
warming is stabilized by reductions in greenhouse gas
emissions. (After Schwalm et al. 2016.)
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(largely Salix species) have expanded rapidly
into the tundra (Formica et al. 2014); an ongoing
Salix seedling transplant experiment indicates
increased nitrogen deposition and higher sum-
mer temperatures jointly facilitate willow (Salix)
growth (Formica et al. 2014), consistent with the
general finding that shrubs are invading the
herbaceous tundra (Elmendorf et al. 2012).
Correspondingly, we expect that the ecology of
alpine lakes will change substantially in the
future, due both to changes in climate as well as
the upward movement of terrestrial subsidies
related to tundra and forest change (Fig. 6). Ear-
lier ice-off and warming are associated with
reductions in summer streamflow, increased sur-
face water temperatures, stronger thermal strati-
fication of the water column, higher nitrate and
dissolved organic carbon concentrations, and
increased delivery of rock weathering products
(Miller and McKnight 2012, Preston et al. 2016)
(Fig. 6). Increases in lake water residence time
(Flanagan et al. 2009) associated with lower
flushing rates help to drive greater system stabil-
ity and productivity, including higher chloro-
phyll a levels (Hood et al. 2005, Preston et al.
2016) and higher potential for zooplankton (e.g.,
by large-bodied Daphnia spp.) grazing on phyto-
plankton and more complex food web dynamics.
Dissolved organic matter inputs from the sur-
rounding terrestrial environment help to attenu-
ate the harmful effects of ultraviolet radiation on
phytoplankton and zooplankton communities,
while simultaneously providing an added source
of carbon to fuel food web dynamics (Hood et al.
2005, Dodds and Cole 2007, Sadro et al. 2011).
We expect to see the most rapid changes in the
highest elevation lakes, as expansion of tundra
vegetation into previously unvegetated areas
Fig. 5. Transition probabilities from one community type to another observed between long-term census inter-
vals at Niwot Ridge. For a given community type, each bar represents a time interval, ordered earliest to latest:
1989–1990, 1990–1995, 1995–1997, 1997–2006, 2006–2008, 2008–2010. Transitions are described by initial commu-
nity type designation and are calculated as the number of transitions relative to the number of total plots of that
designation. Inset: Histogram describing the number of times a plot transitioned to another type, with 0 indicat-
ing that the plot never transitioned over the course of the surveys. (After Spasojevic et al. 2013.)
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increases terrestrial subsidies of dissolved
organic matter into lakes and enhances aquatic
primary production (Miller and McKnight 2012).
Such effects will likely be less pronounced in
lakes below treeline for which terrestrial inputs
are already significant.
While the relevance of these predictions will
almost certainly vary among high-elevation sites,
the responses already observed at NWT likely
illustrate a larger, widespread pattern typical of
many heterogeneous landscapes: Responses to
climate change can be negative, positive, or
largely undetectable, depending on the life his-
tory and traits of the organisms involved, the
scale of ecological organization, and the spatial
variability associated with landscape position.
Connectivity of resources and organisms
between ecosystems and the atmosphere,
between different components of the landscape,
and across seasons underlies much of the varia-
tion in these responses. Predictions based on
how climate exposure might change via energy
and resource limitation may allow predictions
across these heterogeneous systems.
Fig. 6. Ice-off dates from 1981 to 2014 for seven lakes that have been monitored within the Niwot Ridge LTER
site in Colorado, USA. The black linear regression line with 95% confidence band corresponds to a shift in ice-off
timing of 7 d earlier over 33 yr. The legend at right lists the lakes from lowest (Silver, 3126 m) to highest eleva-
tion (GL5, 3620 m) (A). The probability distribution of ice-off timing for each of the seven lakes over the course
of the season is shown in the lower panel. The colors correspond to lake identities in the upper panel (B). (From
Preston et al. 2016.)
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HOME ON THE EXPANDED RANGE IN THE PLUM
ISLAND ECOSYSTEMS: HOW DO CLIMATE
MIGRANTS INFLUENCE THEIR NEW ECOSYSTEMS?
Climate change is altering the connectivity
between ecosystems as species ranges expand or
shift to higher latitudes and altitudes worldwide
(Sorte et al. 2010, Johnson 2014, Johnson 2015,
Pecl et al. 2017). Populations of species that colo-
nize new ranges as a result of climate change are
climate migrants. LTER sites, with their long-
term monitoring of populations and biodiversity,
are perfectly poised to pinpoint the arrival of cli-
mate migrants. For instance, when the ocean heat
wave of 2012 struck the Gulf of Maine in the
northwest Atlantic, summer surface water tem-
peratures were 1.3°C higher than the average of
the previous decades (Johnson 2014, 2015). That
same year, researchers at the Plum Island Ecosys-
tem (PIE) coastal LTER in northeast Mas-
sachusetts discovered that the blue crab,
Callinectes sapidus, had expanded its range
beyond its historical northern limit of Cape Cod,
Massachusetts (Williams 1974) into PIE and as
far north as Canada (Johnson 2015, Fig. 7). In
2014, we discovered that the fiddler crab, Minuca
(=Uca) pugnax, had expanded its range into PIE
and beyond (Williams 1984, Johnson 2014,
Fig. 7). In addition to the blue and fiddler crabs,
at least two other crabs—the talon crab, Euchi-
rograpsus americanus, and the ghost crab, Ocypode
quadrata—have recently expanded their range in
the Gulf of Maine (McDermott and Kraeuter
2015, Wilson and Pohle 2016), likely because of
recent ocean warming.
While we have documented thousands of cli-
mate migrants (Perry et al. 2005, Sorte et al. 2010,
Pinsky et al. 2013, Johnson 2014, 2015), we know
little of their impacts on the structure and func-
tioning of recipient ecosystems (Strayer 2012,
Pecl et al. 2017). Here, we focus on climate
migrants that are ecosystem engineers (sensu
Jones et al. 1994), which can modify, create or
maintain habitats, and use fiddler crabs as a case
study. To develop an intellectual framework, we
borrow from the extensive invasive ecology liter-
ature. Like invasive species, climate migrants are
new to the habitats that they colonize (i.e., non-
native), though by different means (i.e., climate
vs. direct human intervention). For nonnative
species that modify their environment
(engineering species), they may first have direct
impacts on ecosystem functioning that then have
indirect effects on communities and populations
(Fig. 8, Strayer 2012). Furthermore, ecological
Fig. 7. (A) Male fiddler crab, Minuca pugnax, (B)
egg-bearing female M. pugnax, and (C) blue crab, Calli-
nectes sapidus collected in the Plum Island Ecosystem
Long-Term Ecological Research site. Photo credits: D.
S. Johnson.
 v www.esajournals.org 13 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
theory predicts that the per-capita effects of non-
native species can be disproportionately large
when they modify resources, habitats, and key-
stone or foundation species (Parker et al. 1999).
Finally, since the effect of nonnative species on
ecosystem function can be expressed as the pro-
duct of its range, per-capita effects, and popula-
tion size (Parker et al. 1999), we can predict that
climate-migrant effects will be amplified over
time as their populations grow.
The fiddler crab lives in salt marshes, which
are intertidal grasslands, along the east coast of
the United States (Johnson 2014). As a burrower,
fiddler crabs can directly affect marsh function-
ing by altering habitat, nutrient availability, and
primary production (Gribsholt et al. 2003, Hol-
dredge et al. 2010, Thomas and Blum 2010, Smith
and Tyrrell 2012). Thus, fiddler crabs in PIE salt
marshes serve as an excellent case study to
address a number of hypotheses and questions
related to climate-migrant impacts on ecosystem
functioning including: (1) Do fiddler crabs in PIE
(their expanded range) have larger per-capita
effects than in their historical ranges (i.e., the
vanguard hypothesis, Phillips et al. 2010)? The
vanguard hypothesis states that individuals in
vanguard populations (those at the leading edge
of a range expansion) will have larger per-capita
effects than those individuals in core populations
(those in the historical ranges). (2) What are the
landscape-level impacts of fiddler crabs on salt-
marsh functioning in their expanded vs. their
historical ranges? Currently, the impacts of fid-
dler crabs in PIE are likely localized (m2 scale)
because their populations are small (<7 m2 in
PIE salt marshes vs. up to 100 m2 in historical
salt marshes, Fig. 9) and their distributions are
patchy. Thus, the average effect of fiddler crabs
on PIE marshes currently is likely low. However,
their impact is expected to increase as their popu-
lations grow. (3) How do climate migrants inter-
act with other global-change drivers to affect
ecosystem functioning? For instance, as ecosys-
tems at the interface of the land and the sea,
accelerated sea-level rise threatens the persis-
tence of salt marshes (Kirwan et al. 2010). Ecolog-
ical theory tells us that fiddler crabs can enhance
aboveground plant growth (Bertness 1985) and
ecogeomorphic theory tells us that higher plant
production increases a marshes ability to keep
up with sea-level rise via increased sediment
trapping (Fagherazzi et al. 2013, Kirwan and
Megonigal 2013). Combining the two concepts
suggests that fiddler crabs may help salt marshes
maintain elevation with sea-level rise. However,
ecology also tells us that fiddler crabs can
Fig. 8. Fiddler crab burrow density (mean  1 SE; n = 60–120 per year) in the Plum Island Ecosystem (PIE)
LTER, a site where crabs recently expanded their range. For reference, the density in their historical range is ~60–
120 burrows/m2. The PIE LTER started sampling for saltmarsh invertebrates in 2003. Fiddler crab drawn by Lau-
ren Huey.
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stimulate belowground decomposition (Grib-
sholt et al. 2003), which, according to ecogeomor-
phic theory, can lead to decreased accretion and
thus the ability of a salt marsh to keep up with a
rising sea (Fagherazzi et al. 2013, Kirwan and
Megonigal 2013). Ultimately, the net effect of the
interaction between fiddler crabs and sea-level
rise is unknown. These questions and others can
only be addressed by networks such as LTERs
that allow for long-term observations, mathemat-
ical models, pre- and post-event data, mechanis-
tic experiments, and cross-site (historical vs.
expanded range) studies.
The flow of organisms between ecosystems is
an aspect of connectivity that will have dominant
effects on ecosystem populations and communi-
ties in a changing climate. The LTER network is
well-poised to tackle these questions. For instance,
two LTER sites on the U.S. east coast—Virginia
Coastal Reserve (VCR) and the Georgia Coastal
Ecosystem (GCE)—fall within the historical range
of fiddler crabs. Cross-site comparisons between
GCE, VCR, and PIE would allow for clarifying
the relative impact of fiddler crabs in their
expanded range (i.e., PIE). Long-term monitoring
will allow us to track when new species arrive,
and their dynamics over time. In a time of global
change, LTERs are exactly the tools we need to
understand and address these changes.
WHAT LONG-TERM DATA TELL US ABOUT
SHORT-LIVED SPECIES IN THE SANTA BARBARA
COASTAL ECOSYSTEM
Long-term data on the dynamics of giant kelp
forests off the California coast collected by the
Santa Barbara Coastal (SBC) LTER site illustrate
the importance of several types of connectivity in
this ecosystem ranging from connections
between winter storms and growing season pro-
ductivity, nutrient subsidies from bottom waters,
and dispersal from adjacent ecosystems. These
aspects of connectivity are fundamental con-
trollers of the productivity and resilience of this
ecosystem type.
The foundations of many ecosystems are
formed by long-lived species with life spans
ranging from decades to centuries (Dayton 1972,
Ellison et al. 2010, Angelini et al. 2011, Osland
et al. 2013). Populations of such species tend to
react very slowly to rapidly fluctuating environ-
mental conditions, thus necessitating observa-
tions over very long periods to detect responses
to environmental change (Ellison et al. 2005). In
some systems, however, foundation species live
only a few years, fluctuating greatly in space and
time in response to environmental variation
(Miller et al. 2018, Bevilacqua et al. 2019). Despite
the more rapid changes, a long-term perspective
is still necessary in these systems to distinguish
the effects of transient environmental variation
from secular shifts in the environment, such as
those associated with climate change (Dayton
et al. 1992, Reed et al. 2016a). At the same time,
short-lived foundation species offer better mod-
els for examining ecological responses to envi-
ronmental change because data collected over
multiple generations are more easily obtained
(Reed et al. 2016b). Research at the Santa Barbara
Coastal LTER (SBC) exemplifies the value of
long-term data for understanding short-lived
species as it focuses on coastal ecosystems domi-
nated by the giant kelp Macrocystis pyrifera, a
large, short-lived seaweed that provides the
foundation for highly productive and diverse
marine forests in coastal temperate seas world-
wide.
Fifteen years of monthly observations show
net primary production (NPP) by giant kelp
alone can average 4 g Cm2d1 or ~4.8 kg dry
massm2yr1 (Rassweiler et al. 2018) making
giant kelp forests among the most productive
ecosystems on Earth (Reed and Brzezinski 2009).
However, unlike with most long-lived founda-
tion species, this high productivity results from
rapid growth (~3.5%/d) of a relatively small
standing biomass (~0.4 kg dry mass/m2) that
Fig. 9. Alternative pathways by which climate
migrants may affect ecosystems. Solid lines = indirect
pathway mediated by populations and communities.
Dashed line = direct pathways via ecological engineer-
ing. (Modified from Strayer 2012.)
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Fig. 10. (A) At the Santa Barbara Coastal LTER, the short-lived foundation species giant kelp, Macrocystis pyri-
fera, structures reef biodiversity by changing the physical environment and providing habitat and food to a
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turns over about 12 times per year. Surprisingly,
our long-term observations reveal that interan-
nual variation in NPP is driven not by growth
rates per se, but by variation in standing biomass
at the beginning of the growth year, which is lar-
gely influenced by physical disturbance from
waves produced by winter storms (Reed et al.
2008). Our results led us to hypothesize that
storm-wave disturbances removing giant kelp
prior to the start of the growing season over-
whelm bottom-up and top-down processes to act
as the principal determinant of NPP in giant kelp
forests off California. We tested this hypothesis
using regional comparisons of time-series data
and found that giant kelp NPP was twice as high
in the relatively calm Santa Barbara Channel
than in more disturbed forests to the north
despite substantially lower nutrients (bottom-up)
and higher grazing (top-down) in the Santa Bar-
bara Channel (Reed et al. 2011). Climate models
predict changes in the frequency and severity of
wave disturbance in coming decades (Wang et al.
2015), and our work suggests that such changes
will alter the production of giant kelp forests.
Control of NPP by disturbance is likely not
unique to kelp forests, but it may be easier to
detect because of the short longevity of giant
kelp relative to the long duration and high fre-
quency of our observations.
The SBC long-term data have also provided a
greater understanding of regional kelp forest
dynamics. Historically, giant kelp populations
could only be studied at local scales due to the
spatial constraints of scuba diving surveys.
Researchers at SBC have overcome this limitation
by taking advantage of giant kelp’s ability to
grow up through the water column and produce
an extensive floating canopy at the sea surface
that is visible from space. By bringing together
traditional diver surveys with Landsat satellite
imagery, we have created a long-term (>34 yr),
high-frequency (6–10 9 per year), high-resolu-
tion (30 m) time series of giant kelp canopy
biomass across its >2000 km range in California
and Baja California, Mexico (Bell et al. 2017).
Analyses using this novel data set have revealed
the relative roles of climate and environmental
forcing on the dynamics and population syn-
chrony of giant kelp (Cavanaugh et al. 2010,
2011, 2013) and its geographic variability (Bell
et al. 2015, Cavanaugh et al. 2019). Furthermore,
by combining satellite time-series data of kelp
biomass in the region with oceanographic mod-
els, we uncovered remarkable resilience of giant
kelp populations that reflects their demographic
connectivity and ability to function as a
metapopulation (Reed et al. 2006, Castorani et al.
2015). Contrary to the common assumption that
local processes regulate kelp populations, our
results show that dispersal from neighboring
populations is needed to sustain forests and pro-
mote their recolonization after local extinction
caused by disturbance (Castorani et al. 2015,
2017). If climate change alters wave disturbance
regimes, then the spatial arrangement of kelp
populations will be key to their demographic
connectivity, local population persistence, and
their ability to function as a resilient metapopula-
tion (Fig. 10).
Because giant kelp is a foundation species, its
demographic connectivity and the resulting per-
sistence and stability of its populations have cas-
cading effects on biodiversity, community
structure, and ecological functions of the kelp
forest ecosystem (Miller et al. 2015, 2018). The
analysis of long-term data has allowed SBC
researchers to quantify how storm disturbance
mediates the direct and indirect effects of giant
kelp on food web structure and complexity. Peri-
odic storms tend to increase the complexity of
kelp forest food webs, but if large storms occur
year after year, the community may become less
diverse and complex as species go locally extinct
(Byrnes et al. 2011). The loss of complexity occurs
primarily due to decreases in the diversity and
complexity of higher trophic levels. Using a 9-yr
diversity of fishes and invertebrates. Photo credit: Ron McPeak. (B) Distribution of giant kelp patches in southern
California, USA, which are connected in a metapopulation network via the dispersal of planktonic spores. (C) A
34-yr giant kelp canopy time series from Landsat satellite imagery reveals high resilience at the regional scale (as
evidenced by rapid increases in the proportion of patches occupied by giant kelp following disturbance) due in
part to demographic connectivity among patches.
(Fig. 10. Continued)
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disturbance experiment, we found that the inter-
annual frequency of disturbance outweighs year-
to-year variation in disturbance severity, enhanc-
ing the relative dominance of understory pri-
mary producers and reducing biomass of
important reef fishes and invertebrate consumers
(Castorani et al. 2018). These findings provide
insight into how kelp forests of the future may
look if the frequency of severe storms increases
as predicted. More generally, findings from this
long-term experiment provide a framework for
predicting how the loss of foundation species can
restructure community guilds based on their
dependence on key physical and trophic
resources.
Recent declines in kelp forests in both hemi-
spheres have been attributed to ocean warming
(Krumhansl et al. 2016) and the Intergovernmen-
tal Panel on Climate Change predicted with high
confidence that an increased frequency of marine
heat waves and sea temperature extremes will
result in further declines (Wong et al. 2014). A
recent large-scale warming event in the North
Pacific Ocean of unprecedented magnitude and
duration (Di Lorenzo and Mantua 2016) allowed
us to test this prediction for giant kelp forests off
southern California and evaluate their value as a
sentinel for detecting early signs of climate-re-
lated impacts. Surprisingly, we found that giant
kelp and the majority of species that associate
with it did not exhibit dramatic declines within
the Santa Barbara region in response to this
extreme warming event (Reed et al. 2016).
Instead, we found that large seasonal and inter-
annual fluctuations in giant kelp characterized
all of southern California, and negative kelp bio-
mass anomalies during the extreme warming of
2014–2015 were within the range observed dur-
ing cooler years of the 32-yr time series (Fig. 11).
However, in some areas farther south where
warming was more intense, giant kelp popula-
tions crashed and showed little recovery two
years after the heat wave ended (Cavanaugh
et al. 2019). The lack of the expected large
response to an extreme event, as in our study of
kelp forests in the Santa Barbara region (Reed
et al. 2016), reveals our limited ability to predict
responses to longer-term changes. Such limits on
our forecasting ability underscore the key role of
long-term data in detecting the effects of climate
change on ecosystems as they occur. Given the
high cost of collecting long-term community
data, it may seem wise to focus research efforts
on sentinel species that are predicted to be most
vulnerable and serve as a foundation for whole
communities. However, our findings suggest
that relying too heavily on untested sentinel spe-
cies to detect ecosystem level effects may lead to
a sense of complacency and missed opportunities
to detect and avert greater ecological damage.
Our findings also highlight the importance of
several types of connectivity in these ecosystems:
seasonal connections between winter storms and
growing season productivity, nutrient subsidies
from bottom waters, and dispersal from adjacent
ecosystems. Long-term research is vital to under-
standing how short-lived foundation species and
the ecosystems they support react to environ-
mental change, including future climate change.
THE FUTURE OF LANDSCAPES IN THE AMERICAN
SOUTHWEST: JORNADA BASIN
Connectivity by wind and water that leads to
high rates of losses of soil nutrients, reductions in
air and water quality, losses of forage quality and
quantity, and changes in other ecosystem services
has long been a focus of research at the Jornada
Basin (JRN) LTER program in southern New
Mexico. Desert grassland landscapes in the
American Southwest have experienced dramatic
changes in ecosystem dynamics over the past
150 yr, similar to other arid and semiarid ecosys-
tems globally. Periodic, multi-year droughts com-
bined with overgrazing by livestock and a
reduction in fire frequency have transformed
ecosystems dominated by annual or perennial
grass species to ecosystems dominated by xero-
phytic, grazing-tolerant woody species (Buffing-
ton and Herbel 1965, Havstad et al. 2006). The
high rates of connectivity-driven nutrient losses
driven by wind and water erosion have led to
desertification of these ecosystems (Reynolds and
Stafford Smith, 2002, Havstad et al. 2007, Yahd-
jian et al. 2015). Because of positive feedbacks
between woody species and soil erosion driven
by wind or water, these shrub-dominated ecosys-
tems are notoriously difficult to return to grass
dominance under current climatic conditions
(Herrick et al. 2006). Thus, current landscapes
consist of a mosaic of grasslands interspersed
with large areas dominated by different species
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of woody plants that are differentiated by land-
form, elevation, and soil properties (Peters et al.
2015). Future landscape dynamics will depend
on a number of factors, including uncertainty in
the magnitude and direction of changes in cli-
mate and land use interacting with spatial hetero-
geneity in landscape structure and function, as
well as historical events and landscape processes
(i.e., historic legacies; Monger et al. 2015). The
Jornada Basin LTER Program is a 100,000 ha
study site in the northern Chihuahuan Desert of
southern New Mexico (32.5N, 106.45W), man-
aged by the United States Department of Agricul-
ture (USDA) Agricultural Research Service
(ARS). At this site, we study how various biotic
and abiotic components within ecosystem states
respond to climate and land-use drivers, the con-
nectivity among ecosystems within heteroge-
neous landscapes, and the integrated response of
the landscape as a whole.
Here, we interpret results from long-term data
and studies from the Jornada Basin LTER site in
light of the two most likely changes in climate:
an increase in temperature with either a direc-
tional decrease or increase in precipitation (Burke
et al. 2006, IPCC 2007, Seager et al. 2007). Regio-
nal and global climate models often predict
increasing aridity for the Southwest United
States (Seager et al. 2007, Cook et al. 2015); how-
ever, annual rainfall amounts have generally
increased over the past 50 yr (Karl and Wright
1998). Fortunately, the Jornada Basin LTER Pro-
gram has experienced variation in rainfall
amounting to a “natural experiment.” We experi-
enced seven years of rainfall with no year-to-year
trend (1993–1999) followed by a four-year
drought (2000–2003), a five-year wet period
(2004–2008), and a two-year post-wet, no-trend
period (2009–2010) (Table 1). In addition, a repli-
cated plot-scale (2.5 m 9 2.5 m) rainfall
Fig. 11. Seasonal anomalies of giant kelp biomass in southern California estimated from Landsat satellite ima-
gery for 1984–2015 and monthly sea surface temperature anomalies. Data for 2014–2015 warming event are
shown in red. (From Reed et al. 2016a.)
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manipulation experiment has been conducted
since 2006 that provides complementary infor-
mation on species-level and biogeochemical
responses to altered precipitation (Gherardi
and Sala 2015a, b). Manipulations consist of
plots with rainout shelters to reduce rainfall
by 50% or 80% to represent drought, and
additional plots with irrigation to enhance
rainfall by 50% or 80% to represent wet years
(Gherardi and Sala 2013).
A drier Southwest, even without changes in
the frequency of extreme precipitation or temper-
ature events, is expected to influence the compo-
sition and structure of plant communities. First,
as aboveground net primary production (ANPP)
is reduced, the reproductive output of plant spe-
cies will likely be reduced which will translate
into lower inputs to the soil seed bank with
direct impacts on granivorous animal species.
Second, there is evidence that increasing aridity
will favor the ability of shrubs to access soil
water resources at greater depths and time peri-
ods than grasses and to maintain growth during
drought periods (Gherardi and Sala 2015b).
Desert rodents are an important consumer
group whose dynamics are driven in part by bot-
tom-up processes. Wet years with higher ANPP
lead to increased abundance and biomass of
rodents, but with a time lag of one year or more
(Lightfoot et al. 2012). During dry periods, the
biomass of desert rodents is primarily con-
tributed by granivores (kangaroo rats, pocket
mice), core species who are always present
(Fig. 12). Hence, extended drought would not
only reduce biomass of these rodents, and it also
would alter the relative importance of granivore,
folivore, and omnivore trophic groups. More-
over, if increased precipitation variability in the
future promotes shrub dominance in the region
(Gherardi and Sala 2015b), species composition
of desert rodents will strongly shift (Lightfoot
et al. 2012).
Both lower production of seeds and less fre-
quent episodes of plant recruitment would
have important consequences for ecosystem
function and services. Lower plant cover and
lower functional diversity would lead to higher
rates of soil erosion by wind and water. Lower
plant growth and fewer years of abundant
plant growth would reduce inputs of organic
matter to the soil, soil porosity, and soil water
holding capacity to further limit plant recruit-
ment, survival, and ground cover, exacerbating
soil erosion by wind. A dustier Southwest in
the future means that illnesses related to dust,
such as pediatric asthma (Samoli et al. 2011)
and Valley Fever (Leathers 1981), will also
likely increase in an increasingly urbanized
region (see Phoenix case study above).
Recently, a sequence of years with above-aver-
age amounts of precipitation led to unusual
growth and recovery of perennial grasses in a
threshold response that could not be predicted
from precipitation amount in dry and no-trend
years (Fig. 13) (Peters et al. 2012, 2014b). In
upland grasslands, the production response
resulted from a nonlinear increase in seed avail-
ability and production of recruits of Bouteloua eri-
opoda (Fig. 14), while in desertified shrublands,
the grass production response was primarily
related to a nonlinear increase in number of
Table 1. Mean annual air temperature and precipita-
tion for each water year (1 October–30 September) at
the Jornada Basin USDA LTER site averaged across
six locations (three grasslands, three mesquite shrub-
lands) and the 30-yr means (1981–2010) used to
identify three climate periods (no trend, dry, wet)






1993 15.0  30 + No trend
1994 15.7 + 15  No trend
1995 15.8 + 23  No trend
1996 16.2 + 21  No trend
1997 15.5 + 26 + No trend
1998 15.0  15  No trend
1999 15.8 + 26 + No trend
2000 16.2 + 20  Dry
2001 15.3 + 22  Dry
2002 15.8 + 15  Dry
2003 15.6 + 15  Dry
2004 15.5 + 27 + Wet
2005 15.5 + 28 + Wet
2006 15.6 + 34 + Wet
2007 15.0  29 + Wet
2008 14.8  33 + Wet
2009 15.2 + 12 




Note: +/: Yearly value was greater/less than the 30-yr
mean.
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Sporobolus flexuosus recruits as the number of
consecutive wet years increased (Fig. 15). These
results suggest that a directional increase in rain-
fall as a result of global warming could drive
desertified states past a threshold toward a
higher productivity savanna ecosystem featuring
both grasses and woody plants.
Wet periods that increase ANPP could also
lead to lagged irruptions of desert rodents and
an increased contribution to biomass from foli-
vores (Fig. 12). The folivores include transient
species (e.g., Sigmodon hispidus) that disappear
from many observational sites on Jornada during
droughts. Folivores are large contributors to
rodent biomass following wet years, especially
on mesquite shrublands (Fig. 12). More gener-
ally, a more mesic environment should reduce
resource constraints on rodent consumers and
increase the potential for top-down (predator)
limitation of rodent biomass.
A more mesic region under similar precipita-
tion variability and a similar vegetation state
would lead to an increased occurrence of flood-
ing events and increased connectivity by water
by reducing the available storage capacity of hill-
slope and channel systems. If the additional pre-
cipitation is also delivered in larger, less frequent
events under the same vegetation state, an even
higher flooding potential would be expected,
with recharge events anticipated in hillslope,
channel, and playa ecosystems. However, ero-
sion by aeolian processes and connectivity by
wind would decrease, and local inputs of soil
carbon would increase as herbaceous cover
increases in interspaces between plants in deser-
tified shrublands on sandy soils.
Over the past 150 yr, large areas of the Ameri-
can Southwest underwent rapid and profound
state change from grasslands with shrubs to
shrublands in response to drought and overgraz-
ing by livestock. Long-term measurements at the
Jornada LTER site first demonstrated the thresh-
old nature of change in these systems and the
importance of connectivity by wind and water to
these changes. Recovery of grasses is limited
despite exclusion of cattle and individual wet
years. As the length of LTER observations and
information from manipulative experiments con-
tinues to increase, we are beginning to under-
stand the nonlinear processes causing hysteresis
in vegetation community structure and composi-
tion.
In the American Southwest, the climate will
continue to change in uncertain ways, and the
long-term perspective available through the
LTER program will provide insight into likely
responses, either toward desertified shrublands
or toward savannas and grasslands. These
ecosystem state changes will depend on the mag-
nitude and direction of change in underlying cli-
mate drivers interacting with soil properties,
geomorphology, and connectivity by wind,
water, and land use. Over a century of LTER and
USDA research on the complexities of desert
ecosystem dynamics that illuminated the impor-
tance of feedbacks, thresholds, nonlinearities,
Fig. 12. Relationships between water-year precipita-
tion (1 October–30 September) and aboveground net
primary production (ANPP) at the Jornada Basin LTER
site for data collected between 1994 and 2008: (A)
upland grasslands, (B) mesquite shrublands. Regres-
sion lines, if significant, are shown for each of three
time periods for each ecosystem type (no trend, dry
period [1994–2003], wet period [2004–2008]). (From
Peters et al. 2012.)
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hysteresis, and connectivity provides the founda-
tion for understanding and predicting landscape
dynamics in a non-stationary future.
CONCLUSIONS
The six research case studies presented here
demonstrate the importance of physical connec-
tivity to the biodiversity, structure, function, and
services of ecosystems, as well as intellectual con-
nectivity across disciplines to address our most
pressing research questions and future chal-
lenges. Human-driven alteration of climate and
changing land use have emerged as two major
drivers of changing flows of organisms and
materials that cascade to influence other ecosys-
tem processes. In these case studies, the impor-
tance of connectivity is obvious across widely
different ecosystems; three aquatic and three ter-
restrial, two very hot and two very cold. There is
a clear need to consider multiple aspects of con-
nectivity, from land-use legacies that interact
with climate to alter the structure and function of
contemporary ecosystems to analysis of how cli-
mate affects flows of resources and organisms
between ecosystems both near and far.
Fig. 13. Recruitment of Bouteloua eriopoda in Jornada grasslands: (A) mean seed availability (SAI) and mean
number of recruits by stolons through time for three locations. Years within period shown by circles (no trend),
rectangles (dry), and triangles (wet). For all years and locations, (B) SAI is positively related to spring and sum-
mer precipitation combined (N = 54), and (C) number of recruits is positively related to dormant and spring pre-
cipitation combined (N = 54). (From Peters et al. 2014b.)
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Long-term ecological research demonstrates
that connectivity can sustain valuable ecosystem
functions, such as the persistence of foundation
species and their associated biodiversity. On the
other hand, increased connectivity due to warm-
ing can lead to species range expansions and the
introduction of undesirable species. Connectivity
of organisms and materials is often highly
variable over space and time, or driven by episo-
dic events, and hence, long-term data—and mod-
eling of future scenarios in the case of
interconnected social–ecological ecosystems—are
needed to isolate secular changes from back-
ground variability. Continued long-term studies
are essential for addressing the complexities of
connectivity. The diversity of ecosystems within
Fig. 14. Recruitment of Sporobolus flexuosus in Jornada shrublands: (A) mean seed availability (SAI) and mean
number of recruits by seedlings through time for two locations. Years within period shown by circles (no trend),
rectangles (dry), and triangles (wet). For all years and locations, (B) SAI is positively related to water-year precip-
itation (N = 36), (C) number of seedlings is positively related to summer precipitation (N = 36), and (D) in the
wet period, the number of seedlings is related to summer precipitation (PPTsum), seed availability two years pre-
viously (t  2), and number of consecutive wet years: sqrt(recruitment) = 1.6 + 0.1 9 PPTsum + 9.6 9 SAIt
2 + 0.9 9 no. consecutive wet years (N = 10). In (C) and (D), regressions were conducted using square-root-
transformed Y, but the regression lines are shown using back-transformed predicted values. (From Peters et al.
2014b.)
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the LTER network is a strong platform for these
studies.
ACKNOWLEDGMENTS
This research was supported by the National
Science Foundation Long-Term Ecological Research
program grants to the Central Arizona–Phoenix (DEB-
1637590, 1832016), Plum Island (DEB-0213767,
0816963, 1354494, 1902712, NSF OCE-0423565,
1058747, 1637630), McMurdo (OPP-1637708), Santa
Barbara (OCE-1232779), Jornada (DEB-1832194), and
Niwot (DEB-1637686) LTER sites.
LITERATURE CITED
Ackerly, D. D., W. K. Cornwell, S. B. Weiss, L. E. Flint,
and A. L. Flint. 2015. A geographic mosaic of cli-
mate change impacts on terrestrial vegetation:
Which areas are most at risk? PLOS ONE 10:
e0130629.
Andriuzzi, W. S., B. J. Adams, J. E. Barrett, R. A. Vir-
ginia, and D. H. Wall. 2018. Observed trends of soil
fauna in the Antarctic Dry Valleys: Early signs of
shifts predicted under climate change. Ecology
99:312–321.
Angelini, C., A. H. Altieri, B. R. Silliman, and M. D.
Bertness. 2011. Interactions among foundation spe-
cies and their consequences for community organi-
zation, biodiversity, and conservation. BioScience
61:782–789.
Bell, T. W., K. C. Cavanaugh, D. C. Reed, and D. A. Sie-
gel. 2015. Geographic variability in the controls of
biomass dynamics of giant kelp. Journal of Bio-
geography 42:2010–2021.
Bell, T. W., K. C. Cavanaugh, and D. A. Siegel. 2017.
SBC LTER: time series of quarterly NetCDF files of
kelp biomass in the canopy from Landsat 5, 7 and
8, 1984–2016 (ongoing). Santa Barbara Coastal
LTER. https://doi.org/10.6073/pasta/817d2c24ebd
78621869e17d94ba0df0c
Bertness, M. D. 1985. Fiddler crab regulation of Spar-
tina alterniflora production on a New England salt
marsh. Ecology 66:1042–1055.
Bevilacqua, S., G. Savonitto, M. Lipizer, P. Mancuso, S.
Ciriaco, M. Srijemsi, and A. Falace. 2019. Climatic
anomalies may create a long-lasting ecological
phase shift by altering the reproduction of a foun-
dation species. Ecology 100:e02838.
Bhattacharyya, S., and C. Ray. 2016. Of plants and
pikas: evidence for a climate-mediated decline in
forage and cache quality. Plant Ecology & Diversity
8:781–794.
Billings, W. D., and H. A. Mooney. 1968. Ecology of
arctic and alpine plants. Biological Reviews of the
Cambridge Philosophical Society 43:481–529.
Bliss, L. C. 1956. A comparison of plant development
in microenvironments of arctic and alpine tundras.
Ecological Monographs 26:303–337.
Buffington, L. C., and C. H. Herbel. 1965. Vegetational
changes on a semidesert grassland range from
1858 to 1963. Ecological Monographs 35:139–164.
Burke, E. J., S. J. Brown, and N. Christidis. 2006.
Modeling the recent evolution of global drought
and projections for the twenty-first century with
the Hadley Centre climate model. Journal of
Hydrometeorology 7:1113–1125.
Byrnes, J. E., D. C. Reed, B. J. Cardinale, K. C. Cava-
naugh, S. J. Holbrook, and R. J. Schmitt. 2011. Cli-
mate-driven increases in storm frequency simplify
kelp forest food webs. Global Change Biology
17:2513–2524.
Callahan, J. T. 1984. Long-term ecological research.
BioScience 34:363–367.
Carpenter, S. R., and M. G. Turner. 2000. Hares and
tortoises: interactions of fast and slow variables in
ecosystems. Ecosystems 3:495–497.
Castorani, M. C. N., D. C. Reed, F. Alberto, T. W. Bell,
R. D. Simons, K. C. Cavanaugh, D. A. Siegel, and P.
T. Raimondi. 2015. Connectivity structures local
population dynamics: a long-term empirical test in
Fig. 15. Typical contribution of trophic groups to
biomass of Chihuahuan Desert rodents following peri-
ods with below-average and above-average precipita-
tion and annual net primary productivity (ANPP).
(From Schooley et al. 2018.)
 v www.esajournals.org 24 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
a large metapopulation system. Ecology 96:3141–
3152.
Castorani, M. C. N., D. C. Reed, and R. J. Miller. 2018.
Loss of foundation species: Disturbance frequency
outweighs severity in structuring kelp forest com-
munities. Ecology 99:2442–2454.
Castorani, M. C. N., D. C. Reed, P. T. Raimondi, F.
Alberto, T. W. Bell, K. C. Cavanaugh, D. A. Siegel,
and R. D. Simon. 2017. Fluctuations in population
fecundity drive variation in demographic connec-
tivity and metapopulation dynamics. Proceedings
of the Royal Society B: Biological Sciences
284:20162086.
Cavanaugh, K. C., B. E. Kendall, D. A. Siegel, D. C.
Reed, F. Alberto, and J. Assis. 2013. Synchrony in
dynamics of giant kelp forests is driven by both
local recruitment and regional environmental con-
trols. Ecology 94:499–509.
Cavanaugh, K. C., D. C. Reed, T. W. Bell, M. C. N. Cas-
torani, and R. Beas-Luna. 2019. Spatial variability
in the resistance and resilience of giant kelp in
southern and Baja California to a multiyear heat-
wave. Frontiers in Marine Science 6:413.
Cavanaugh, K. C., D. A. Siegel, B. P. Kinlan, and D. C.
Reed. 2010. Scaling giant kelp field measurements
to regional scales using satellite observations. Mar-
ine Ecology Progress Series 403:13–27.
Cavanaugh, K. C., D. A. Siegel, D. C. Reed, and P. E.
Dennison. 2011. Environmental controls of giant
kelp biomass in the Santa Barbara Channel. Marine
Ecology Progress Series 429:1–17.
Chapman, W. L., and J. E. Walsh. 2007. A synthesis of
Antarctic temperatures. Journal of Climate
20:4096–4117.
Clow, D. W. 2010. Changes in the timing of snowmelt
and streamflow in Colorado: a response to recent
warming. Journal of Climate 23:2293–2306.
Conlisk, E., C. Castanha, M. J. Germino, T. T. Veblen, J.
M. Smith, and L. M. Kueppers. 2017. Declines in
low-elevation subalpine tree populations outpace
growth in high-elevation populations with warm-
ing. Journal of Ecology 105:1347–1357.
Cook, B. I., T. R. Ault, and J. E. Smerdon. 2015.
Unprecedented 21st century drought risk in the
American southwest and Central Plains. Science
Advances 1:e1400082.
Crowl, T. A., T. O. Crist, R. R. Parmenter, G. Belovsky,
and A. E. Lugo. 2008. The spread of invasive spe-
cies and infectious disease as drivers of ecosystem
change. Frontiers in Ecology and the Environment
6:238–246.
Dayton, P. K. 1972. Toward an understanding of com-
munity resilience and the potential effects of
enrichments to the benthos at McMurdo Sound,
Antarctica. Pages 81-96 in B. C. Parker, editor.
Proceedings of the Colloquium on Conservation
Problems in Antarctica. Allen Press, Lawrence,
Kansas, USA.
Dayton, P. K., M. J. Tegner, P. E. Parnell, and P. B.
Edwards. 1992. Temporal and spatial patterns of
disturbance and recovery in a kelp forest commu-
nity. Ecological Monographs 62:421–445.
de Mesquita, C. P. B., A. J. King, S. K. Schmidt, E. C.
Farrer, and K. N. Suding. 2016. Incorporating biotic
factors in species distribution modeling: Are inter-
actions with soil microbes important? Ecography
39:970–980.
Di Lorenzo, E., and N. Mantua. 2016. Multi-year per-
sistence of the 2014/15 North Pacific marine heat-
wave. Nature Climate Change 6:1042–1047.
Dodds, W. K., and J. J. Cole. 2007. Expanding the con-
cept of trophic state in aquatic ecosystems: It’s not
just the autotrophs. Aquatic Sciences 69:427–439.
Doran, P. T., et al. 2002a. Antarctic climate cooling and
terrestrial ecosystem response. Nature 415:517–
520.
Doran, P. T., C. P. McKay, G. D. Clow, G. L. Dana, A.
G. Fountain, T. Nylen, and W. B. Lyons. 2002b. Val-
ley floor climate observations from the McMurdo
dry valleys, Antarctica, 1986–2000. Journal of Geo-
physical Research: Atmospheres 107:1–12.
Ellison, A. M., et al. 2005. Loss of foundation species:
consequences for the structure and dynamics of
forested ecosystems. Frontiers in Ecology and the
Environment 3:479–486.
Ellison, A. M., A. A. Barker-Plotkin, D. P. Foster, and
D. A. Orwig. 2010. Experimentally testing the role
of foundation species in forests: the Harvard Forest
Hemlock Removal Experiment. Methods in Ecol-
ogy and Evolution 1:168–179.
Elmendorf, S. C., et al. 2012. Plot-scale evidence of tun-
dra vegetation change and links to recent summer
warming. Nature Climate Change 2:453–457.
Fagherazzi, S., D. M. FitzGerald, R. W. Fulweiler, Z.
Hughes, P. L. Wiberg, K. J. McGlathery, J. T. Morris,
T. J. Tolhurst, L. A. Deegan, and D. S. Johnson.
2013. Ecogeomorphology of salt marshes. Pages
182–200 in J. Shroder, D. R. Butler, and C. R. Hupp,
editors. Treatise on geomorphology. Volume 12,
Ecogeomorphology. Academic Press, San Diego,
California, USA.
Flanagan, C. M., D. M. McKnight, D. Liptzin, M. W.
Williams, and M. P. Miller. 2009. Response of the
phytoplankton community in an Alpine Lake to
drought conditions: Colorado Rocky Mountain
Front Range, USA. Arctic Antarctic and Alpine
Research 41:191–203.
Formica, A., E. C. Farrer, I. W. Ashton, and K. N. Sud-
ing. 2014. Shrub expansion over the past 62 years
in Rocky Mountain Alpine Tundra: possible causes
 v www.esajournals.org 25 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
and consequences. Arctic, Antarctic, and Alpine
Research 46:616–631.
Foster, D. R., and J. D. Aber, editors. 2004. Forests in
time: the environmental consequences of 1,000
years of change in New England. Yale University
Press, New Haven, Connecticut, USA.
Fountain, A. G., et al. 1999. Physical controls on the
Taylor Valley ecosystem, Antarctica. BioScience
49:961–971.
Fountain, A. G., T. H. Nylen, A. Monaghan, H. J. Basa-
gic, and D. Bromwich. 2010. Snow in the McMurdo
Dry Valleys, Antarctica. International Journal of
Climatology 30:633–642.
Fountain, A. G., G. Saba, B. Adams, P. Doran, W. Fra-
ser, M. Gooseff, M. Obryk, J. C. Priscu, S. Stammer-
john, and R. A. Virginia. 2016. The impact of a
large-scale climate event on Antarctic ecosystem
processes. BioScience 66:848–863.
Georgescu, M. 2015. Challenges associated with adap-
tation to future urban expansion. Journal of Cli-
mate 28:2544–2563.
Georgescu, M., M. Moustaoui, A. Mahalov, and J.
Dudhia. 2011. An alternative explanation of the
semi-arid urban area "oasis effect". Journal of Geo-
physical Research 116:D24113.
Gherardi, L. A., and O. E. Sala. 2013. Automated rain-
fall manipulation system: a reliable and inexpen-
sive tool for ecologists. Ecosphere 4:18.
Gherardi, L. A., and O. E. Sala. 2015a. Enhanced inter-
annual precipitation variability increases plant
functional diversity that in turn ameliorates nega-
tive impact on productivity. Ecology Letters
18:1293–1300.
Gherardi, L. A., and O. E. Sala. 2015b. Enhanced pre-
cipitation variability decreases grass- and increases
shrub-productivity. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica 112:12735–12740.
Golley, F. B. 1996. A history of the ecosystem concept
in ecology: more than the sum of the parts.
Yale University Press, New Haven, Connecticut,
USA.
Gooseff, M. N., et al. 2017. Decadal ecosystem
response to an anomalous melt season in a polar
desert in Antarctica. Nature Ecology and Evolution
1:1334–1338.
Gribsholt, B., J. E. Kostka, and E. Kristensen. 2003.
Impact of fiddler crabs and plant roots on sediment
biogeochemistry in a Georgia saltmarsh. Marine
Ecology Progress Series 259:237–251.
Grimm, N. B., M. D. Staudinger, A. Staudt, S. L. Carter,
F. S. Chapin, P. Kareiva, M. Ruckelshaus, and B. A.
Stein. 2013. Climate change impacts on ecological
systems: introduction to a US assessment. Frontiers
in Ecology and the Environment 11:456–464.
Havstad, K. M., L. F. Huenneke, and W. H. Schlesinger
editors. 2006. Structure and function of a Chi-
huahuan Desert ecosystem: the Jornada Basin
long-term ecological research site. Oxford Univer-
sity Press, New York, New York, USA.
Havstad, K. M., D. P. C. Peters, R. Skaggs, J. R. Brown,
B. T. Bestelmeyer, E. Fredrickson, J. Herrick, and J.
Wright. 2007. Ecological services to and from
rangelands of the United States. Ecological Eco-
nomics 64:261–268.
Herrick, J. E., K. M. Havstad, and A. Rango. 2006.
Remediation research in the Jornada Basin: past
and future. Pages 278–304 in K. M. Havstad and L.
F. Huenneke, editors. Structure and Function of a
Chihuahuan Desert Ecosystem. Oxford University
Press, New York, New York, USA.
Holdredge, C., M. D. Bertness, N. C. Hermann, and K.
B. Gedan. 2010. Fiddler crab control of cordgrass
primary production in sandy sediments. Marine
Ecology Progress Series 399:253–259.
Holling, C. S. 1992. Cross-scale morphology, geometry,
and dynamics of ecosystems. Ecological Mono-
graphs 62:447–502.
Hood, E., M. W. Williams, and D. M. McKnight. 2005.
Sources of dissolved organic matter (DOM) in a
Rocky Mountain stream using chemical fractiona-
tion and stable isotopes. Biogeochemistry 74:231–
255.
Hu, J. I. A., D. J. P. Moore, S. P. Burns, and R. K. Mon-
son. 2010. Longer growing seasons lead to less car-
bon sequestration by a subalpine forest. Global
Change Biology 16:771–783.
Huston, M. A. 1999. Local processes and regional pat-
terns: appropriate scales for understanding varia-
tion in the diversity of plants and animals. Oikos
86:393–401.
IPCC. 2007. Climate change 2007: impacts, adaptation
and vulnerability. Contribution of Working Group
II to the Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK.
Iwaniec, D. M., E. M. Cook, M. J. Davidson, M. Berbes-
Blazquez, M. Georgescu, E. S. Krayenhoff, A. Mid-
del, D. A. Sampson, and N. B. Grimm. 2020a. The
co-production of sustainable future scenarios.
Landscape and Urban Planning 197:103744.
Iwaniec, D. M., E. M. Cook, M. J. Davidson, M. Berbes-
Blazquez, and N. B. Grimm. 2020b. Integrating
existing climate adaptation planning into future
visions: a strategic scenario for the central Arizona-
Phoenix region. Landscape and Urban Planning
200:103820.
Johnson, D. S. 2014. Fiddler on the roof: a northern
range extension for the marsh fiddler crab Uca pug-
nax. Journal of Crustacean Biology 34:671–673.
 v www.esajournals.org 26 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
Johnson, D. S. 2015. The savory swimmer swims north:
A northern range extension for the blue crab, Calli-
nectes sapdius? Journal of Crustacean Biology
35:105–110.
Jones, C. G., J. H. Lawton, and M. Shachak. 1994.
Organisms as ecosystem engineers. Oikos 69:373–
386.
Karl, T. R., and R. W. Wright. 1998. Secular trends of
precipitation amount, frequency, and intensity in
the United States. Bulletin American Meteorologi-
cal Society 79:231–241.
King, A. J., E. C. Farrer, K. N. Suding, and S. K. Sch-
midt. 2012. Co-occurrence patterns of plants and
soil bacteria in the high-alpine subnival zone track
environmental harshness. Frontiers in Microbiol-
ogy 3:347.
King, A. J., K. R. Freeman, K. F. McCormick, R. C.
Lynch, C. Lozupone, R. Knight, and S. K. Schmidt.
2010. Biogeography and habitat modelling of high-
alpine bacteria. Nature Communications 1:1–6.
Kirwan, M. L., G. R. Guntenspergen, A. D’Alpaos, J. R.
Morris, S. M. Mudd, and S. Temmerman. 2010.
Limits on the adaptability of coastal marshes to ris-
ing sea level. Geophysical Research Letters 37:
L23401.
Kirwan, M. L., and J. P. Megonigal. 2013. Tidal wetland
stability in the face of human impacts and sea-level
rise. Nature 504:53–60.
Kittel, T. G. F., M. W. Williams, K. Chowanski, M.
Hartman, T. Ackerman, M. Losleben, and P. Blan-
ken. 2016. Contrasting long-term alpine and sub-
alpine precipitation trends in a mid-latitude North
American mountain system, Colorado Front
Range, USA. Plant Ecology and Diversity 8:607–
624.
Knelman, J. E., S. Schmidt, and R. Lynch. 2014. Nutri-
ent addition dramatically accelerates microbial
community succession. PLOS ONE 9:e102609.
Knowles, J. F., S. P. Burns, P. D. Blanken, and R. K.
Monson. 2014. Fluxes of energy, water, and carbon
dioxide from mountain ecosystems at Niwot
Ridge, Colorado. Plant Ecology & Diversity 8:663–
676.
Knox, M., W. S. Andriuzzi, H. N. Buelow, C. Takacs-
Vesbach, B. Adams, and D. H. Wall. 2017. Decou-
pled responses of soil bacteria and their inverte-
brate consumer to warming, but not freeze-thaw
cycles, in the Antarctic Dry Valleys. Ecology Letters
20:1242–1249.
Kohler, T. J., E. Chatfield, M. N. Gooseff, J. E. Barrett,
and D. M. McKnight. 2015a. Recovery of Antarctic
stream epilithon from simulated scouring events.
Antarctic Science 27:1–14.
Kohler, T. J., L. F. Stanish, S. W. Crisp, J. C. Koch, D.
Liptzin, J. L. Baeseman, and D. M. McKnight.
2015b. Life in the main channel: long-term hydro-
logic control of microbial mat abundance in
McMurdo Dry Valley streams, Antarctica. Ecosys-
tems 18:310–327.
Krumhansl, K. A., et al. 2016. Global patterns of kelp
forest change over the past half-century. Proceed-
ings of the National Academy of Sciences of the
United States of America 113:13785–13790.
Kunkel, K., L. E. Stevens, S. E. Stevens, L. Sun, E. Jans-
sen, D. Wuebbles, K. T. Redmond, and J. G. Dob-
son. 2013. Part 5: climate of the Southwest U.S. in
regional climate trends and scenarios for the U.S.
National Climate Assessment. National Oceanic
and Atmospheric Administration, Silver Spring,
Maryland, USA.
Leathers, C. R. 1981. Plant components of desert dust
in Arizona and their significance for man. Geologi-
cal Society of America Special Papers 186:191–206.
Leopold, M., D. Dethier, J. Voelkel, T. Raab, T. C. Rik-
ert, and N. Caine. 2008. Using geophysical meth-
ods to study the shallow subsurface of a sensitive
alpine environment, Niwot Ridge, Colorado Front
Range, USA. Arctic Antarctic and Alpine Research
40:519–530.
Lightfoot, D. C., A. S. Davidson, D. G. Parker, L.
Hernandez, and J. W. Laundre. 2012. Bottom-up
regulation of desert grassland and shrubland
rodent communities: implications of species-speci-
fic reproductive potentials. Journal of Mammalogy
93:1017–1028.
Litaor, M. I., M. Williams, and T. R. Seastedt. 2008.
Topographic controls on snow distribution, soil
moisture, and species diversity of herbaceous
alpine vegetation, Niwot Ridge. Colorado. Journal
of Geophysical Research-Biogeosciences 113:
G02008.
Malanson, G. P., L. E. Bengtson, and D. B. Fagre. 2012.
Geomorphic determinants of species composition
of alpine tundra, Glacier National Park, U.S.A. Arc-
tic Antarctic and Alpine Research 44:197–209.
McDermott, J. J., and J. N. Kraeuter. 2015. Occurrence
of first crab instars of the Atlantic ghost crab Ocy-
pode quadrata (Decapoda: Brachyura: Ocypodidae)
along the coast of Maine, U.S.A. Proceedings of the
Biological Society of Washington 128:98–102.
Middel, A., K. H€ab, A. J. Brazel, C. A. Martin, and S.
Guhathakurta. 2014. Impact of urban form and
design on mid-afternoon microclimate in Phoenix
local climate zones. Landscape and Urban Plan-
ning 122:16–28.
Miller, M. P., and D. M. McKnight. 2012. Limnology of
the Green Lakes Valley: phytoplankton ecology
and dissolved organic matter biogeochemistry at a
long-term ecological research site. Plant Ecology &
Diversity 5:1–14.
 v www.esajournals.org 27 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
Miller, R. J., K. D. Lafferty, T. Lamy, L. Kui, A. Rass-
weiler, and D. C. Reed. 2018. Giant kelp, Macrocys-
tis pyrifera, increases faunal diversity through
physical engineering. Proceedings of the Royal
Society B 285:20172571.
Miller, R. J., H. M. Page, and D. C. Reed. 2015. Trophic
versus structural effects of a marine foundation
species, giant kelp (Macrocystis pyrifera). Oecologia
179:1199–1209.
Monger, C., O. E. Sala, M. C. Duniway, H. Goldfus, I.
A. Meir, R. M. Poch, H. L. Throop, and E. R.
Vivoni. 2015. Legacy effects in linked ecological-
soil-geomorphic systems of drylands. Frontiers in
Ecology and the Environment 13:13–19.
Moyes, A. B., C. Castanha, M. J. Germino, and L. M.
Kueppers. 2013. Warming and the dependence of
limber pine (Pinus flexilis) establishment on sum-
mer soil moisture within and above its current ele-
vation range. Oecologia 171:271–282.
Neff, J. C., A. P. Ballantyne, G. L. Farmer, N. M. Maho-
wald, J. L. Conroy, C. C. Landry, J. T. Overpeck, T.
H. Painter, C. R. Lawrence, and R. L. Reynolds.
2008. Increasing eolian dust deposition in the west-
ern United States linked to human activity. Nature
Geoscience 1:189–195.
Nielsen, U. N., D. H. Wall, B. J. Adams, R. A. Virginia,
B. A. Ball, M. N. Gooseff, and D. M. McKnight.
2012. The ecology of pulse events: insights from an
extreme climatic event in a polar desert ecosystem.
Ecosphere 3(2):art17.
Osland, M. J., N. Enwright, R. H. Day, and T. W. Doyle.
2013. Winter climate change and coastal wetland
foundation species: salt marshes vs. mangrove for-
ests in the southeastern United States. Global
Change Biology 19:1482–1494.
Overpeck, J., et al. 2013. Assessment of climate change
in the Southwest United States: a report prepared
for the National Climate Assessment. Southwest
Climate Alliance, Washington, D.C., USA.
Painter, T. H., A. P. Barrett, C. C. Landry, J. C. Neff, M.
P. Cassidy, C. R. Lawrence, K. E. McBride, and G.
L. Farmer. 2007. Impact of disturbed desert soils on
duration of mountain snow cover. Geophysical
Research Letters 34:L12502:1–L12502:6.
Parker, I. M., et al. 1999. Impact: toward a framework
for understanding the ecological effects of inva-
ders. Biological Invasions 1:3–19.
Pecl, G. T., et al. 2017. Biodiversity redistribution under
climate change: impacts on ecosystems and human
well-being. Science 355:eaai9214.
Pederson, G. T., S. T. Gray, T. Ault, W. Marsh, D. B.
Fagre, A. G. Bunn, C. A. Woodhouse, and L. J.
Graumlich. 2011. Climatic controls on the snow-
melt hydrology of the Northern Rocky Mountains.
Journal of Climate 24:1666–1687.
Perry, A. L., P. J. Low, J. R. Ellis, and J. D. Reynolds.
2005. Climate change and distribution in marine
fishes. Science 308:1912–1915.
Peters, D. P. C., B. T. Bestelmeyer, and M. G. Turner.
2007. Cross-scale interactions and changing pat-
tern-process relationships: consequences for sys-
tem dynamics. Ecosystems 10:790–796.
Peters, D. P. C., P. M. Groffman, K. J. Nadelhoffer, N.
B. Grimm, S. L. Coffins, W. K. Michener, and M. A.
Huston. 2008. Living in an increasingly connected
world: a framework for continental-scale environ-
mental science. Frontiers in Ecology and the Envi-
ronment 6:229–237.
Peters, D. P. C., K. M. Havstad, S. R. Archer, and O. E.
Sala. 2015. Beyond desertification: new paradigms
for dryland landscapes. Frontiers in Ecology and
the Environment 13:4–12.
Peters, D. P. C., H. W. Loescher, M. D. SanClements,
and K. M. Havstad. 2014a. Taking the pulse of a
continent: expanding site-based research infras-
tructure for regional- to continental-scale ecology.
Ecosphere 5:art29.
Peters, D. P. C., R. A. Pielke, B. T. Bestelmeyer, C. D.
Allen, S. Munson-McGee, and K. M. Havstad.
2004. Cross-scale interactions, nonlinearities, and
forecasting catastrophic events. Proceedings of the
National Academy of Sciences of the United States
of America 101:15130.
Peters, D. P. C., J. Yao, D. B. Browning, and A. Rango.
2014b. Mechanisms of grass response in grasslands
and shrublands during dry or wet periods. Oecolo-
gia 174:1323–1334.
Peters, D. P. C., J. Yao, O. E. Sala, and J. P. Anderson.
2012. Directional climate change and potential
reversal of desertification in arid and semiarid
ecosystems. Global Change Biology 18:151–163.
Phillips, B. L., G. P. Brown, and R. Shine. 2010. Life-his-
tory evolution in range-shifting populations. Ecol-
ogy 91:1617–1627.
Pinsky, M. L., B. Worm, M. Fogarty, J. L. Sarmiento,
and S. A. Levin. 2013. Marine taxa track climate
velocity. Science 6151:1239–1242.
Preston, D. L., N. Caine, D. M. McKnight, M. W. Wil-
liams, K. Hell, M. P. Miller, S. J. Hart, and P. T. J.
Johnson. 2016. Climate regulates alpine lake ice
cover phenology and aquatic ecosystem structure.
Geophysical Research Letter 43:5353–5360.
Rassweiler, A., D. C. Reed, S. L. Harrer, and J. C. Nel-
son. 2018. Improved estimates of net primary pro-
duction, growth and standing crop of Macrocystis
pyrifera in southern California. Ecology 99:2132.
Ray, C., E. A. Beever, and S. Loarie. 2012. Retreat of the
American pika: Up the mountain or into the void?
Pages 245–270 in J. F. Brodie, E. Post, and D. F.
Doak, editors. Wildlife conservation in a changing
 v www.esajournals.org 28 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
climate. University of Chicago Press, Chicago, Illi-
nois, USA.
Reed, D. C., and M. A. Brzezinski. 2009. Kelp forests.
Pages 30–37 in D. d’A. Laffoley and G. Grimsditch,
editors. The management of natural coastal carbon
sinks. IUCN, Gland, Switzerland.
Reed, D. C., B. P. Kinlan, P. T. Raimondi, L. Washburn,
B. Gaylord, and P. T. Drake. 2006. A metapopula-
tion perspective on the patch dynamics of giant
kelp in southern California. Pages 353–386 in J. P.
Kritzer and P. F. Sale, editors. Marine metapopula-
tions. Academic Press, San Diego, California, USA.
Reed, D. C., A. Rassweiler, and K. K. Arkema. 2008.
Biomass rather than growth determines net pri-
mary production by giant kelp. Ecology 89:2493–
2505.
Reed, D. C., A. Rassweiler, M. H. Carr, K. C. Cava-
naugh, D. P. Malone, and D. A. Siegel. 2011. Wave
disturbance overwhelms top-down and bottom-up
control of primary production in California kelp
forests. Ecology 92:2108–2116.
Reed, D., L. Washburn, A. Rassweiler, R. Miller, T. Bell,
and S. Harrer. 2016a. Extreme warming challenges
sentinel status of kelp forests as indicators of cli-
mate change. Nature Communications 7:13757.
Reed, D. C., A. R. Rassweiler, R. J. Miller, H. M. Page,
and S. J. Holbrook. 2016b. The value of a broad
temporal and spatial perspective in understanding
dynamics of kelp forest ecosystems. Marine Fresh-
water Research 67:14–24.
Reiners, W. A., and K. L. Driese. 2003. Transport of
energy, information, and material through the bio-
sphere. Annual Review of Environment and
Resources 28:107–135.
Reynolds, J. F., and D. M. Stafford Smith. 2002. Global
desertification: Do humans cause deserts? Dahlem
Workshop Report 88. Dahlem University Press,
Berlin, Germany.
Sadro, S., J. M. Melack, and S. MacIntyre. 2011. Spatial
and temporal variability in the ecosystem metabo-
lism of a high-elevation lake: integrating benthic
and pelagic habitats. Ecosystems 14:1123–1140.
Samoli, E., P. T. Nastos, A. G. Paliatsos, K. Kat-
souyanni, and K. N. Priftis. 2011. Acute effects of
air pollution on pediatric asthma exacerbation: evi-
dence of association and effect modification. Envi-
ronmental Research 111:418–424.
Sampson, D. A., E. M. Cook, M. J. Davidson, N. B.
Grimm, and D. M. Iwaniec. 2020. Simulating
alternative sustainable water futures. Sustain-
ability Science. https://doi.org/10.1007/s11625-
020-00820-y
Schmidt, S. K., A. J. King, C. L. Meier, W. D. Bowman,
E. C. Farrer, K. N. Suding, and D. R. Nemergut.
2015. Plant-microbe interactions at multiple scales
across a high-elevation landscape. Plant Ecology &
Diversity 8:703–712.
Schoeb, C., P. M. Kammer, P. Choler, and H. Veit. 2009.
Small-scale plant species distribution in snowbeds
and its sensitivity to climate change. Plant Ecology
200:91–104.
Schooley, R. L., B. T. Bestelmeyer, and A. Campanella.
2018. Shrub encroachment, productivity pulses,
and core-transient dynamics of Chihuahuan Desert
rodents. Ecosphere 9:e02330.
Schwalm, D., C. W. Epps, T. J. Rodhouse, W. B. Mona-
han, J. A. Castillo, C. Ray, and M. R. Jeffress. 2016.
Habitat availability and gene flow influence
diverging local population trajectories under sce-
narios of climate change: a place-based approach.
Global Change Biology 22:1572–1584.
Seager, R., et al. 2007. Model projections of an immi-
nent transition to a more arid climate in Southwest-
ern North America. Science 316:1181–1184.
Smith, J. M., J. Paritsis, T. T. Veblen, and T. B. Chap-
man. 2015. Permanent forest plots show accelerat-
ing tree mortality in subalpine forests of the
Colorado Front Range from 1982 to 2013. Forest
Ecology and Management 341:8–17.
Smith, S. M., and M. C. Tyrrell. 2012. Effects of mud
fiddler crabs (Uca pugnax) on the recruitment of
halophyte seedlings in salt marsh dieback areas of
Cape Cod (Massachusetts, USA). Ecological
Research 27:233–237.
Sorte, C. J. B., S. L. Williams, and J. T. Carlton.
2010. Marine range shifts and species introduc-
tions: comparative spread rates and community
impacts. Global Ecology and Biogeography 19:303–
316.
Spasojevic, M. J., W. D. Bowman, H. Humphries, T.
Seastedt, and K. N. Suding. 2013. Changes in
alpine vegetation over 21 years: Are fine-scale pat-
terns across a heterogeneous landscape consistent
with predictions of change? Ecosphere 4:117.
Steffen, W., et al. 2005. Global change and the earth
system: a planet under pressure. Springer-Verlag,
Berlin Heidelberg, Germany.
Stewart, I. T. 2009. Changes in snowpack and snow-
melt runoff for key mountain regions. Hydrologi-
cal Processes 23:78–94.
Strayer, D. L. 2012. Eight questions about invasions
and ecosystem functioning. Ecology Letters
15:1199–1210.
Suding, K. N., E. C. Farrer, A. J. King, L. M. Kueppers,
and M. J. Spasojevic. 2015. Vegetation change at
high elevation: scale dependence and interactive
effects on Niwot Ridge. Plant Ecology and Diver-
sity 8:713–725.
Thomas, C. R., and L. K. Blum. 2010. Importance of
the fiddler crab (Uca pugnax) to salt marsh soil
 v www.esajournals.org 29 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
organic matter accumulation. Marine Ecology Pro-
gress Series 414:167–177.
Vaughan, D., J. C. Comiso, I. Allison, J. Carrasco, G.
Kaser, R. Kwok, and P. Mote. 2013. Observations:
cryosphere. In T. Stocker, editor. Climate change
2013: the physical science basis. Contribution of
working group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK.
Walsh, J. E. 2009. A comparison of Arctic and Antarctic
climate change, present and future. Antarctic
Science 21:179–188.
Wang, X. L., Y. Feng, and V. R. Swail. 2015. Climate
change signal and uncertainty in CMIP5-based
projections of global ocean surface wave heights.
Journal of Geophysical Research: Oceans 120:3859–
3871.
Wilkening, J. L., and C. Ray. 2016. Characterizing pre-
dictors of survival in the American pika (Ochotona
princeps). Journal of Mammalogy 97:1366–1375.
Wilkening, J. L., C. Ray, and K. L. Sweazea. 2013.
Stress hormone concentration in Rocky Mountain
populations of the American pika (Ochotona prin-
ceps). Conservation. Physiology 1cot027.
Wilkening, J. L., C. Ray, and J. Varner. 2015. Relating
sub-surface ice features to physiological stress in a
climate sensitive mammal, the American pika
(Ochotona princeps). PLOS ONE 10:e0119327.
Williams, A. B. 1974. The swimming crabs of the genus
Callinectes (Decapoda: Portunidae). Fishery Bulletin
72:685–798.
Williams, A. B. 1984. Shrimps, lobsters, and crabs of
the Atlantic Coast of the eastern United States,
Maine to Florida. Smithsonian Institution Press,
Washington, D.C., USA.
Williams, S. E., L. P. Shoo, J. L. Isaac, A. A. Hoffmann,
and G. Langham. 2008. Towards an integrated
framework for assessing the vulnerability of spe-
cies to climate change. PLoS Biology 6:2621–2626.
Wilson, B. M., and G. W. Pohle. 2016. Northern range
expansion of the American talon crab,
Euchirograpsus americanus A. Milne-Edwards, 1880
(Decapoda, Grapsoidea, Plagusiidae), to the Bay of
Fundy. Canada. Crustaceana 89:163–173.
Wipf, S. 2010. Phenology, growth, and fecundity of
eight subarctic tundra species in response to snow-
melt manipulations. Plant Ecology 207:53–66.
With, K. A., R. H. Gardner, and M. G. Turner. 1997.
Landscape connectivity and population distribu-
tions in heterogeneous environments. Oikos
78:151–169.
Wlostowski, A. N., et al. 2019. The hydroecology of an
ephemeral wetland in the McMurdo dry valleys,
Antarctica. Journal of Geophysical Research: Bio-
geosciences 124:3814–3830.
Wlostowski, A. N., M. N. Gooseff, and B. J. Adams.
2018. Soil moisture controls the thermal habitat of
active layer soils in the McMurdo Dry Valleys,
Antarctica. Journal of Geophysical Research: Bio-
geosciences 123:46–59.
Wong, P. P., et al. 2014. Coastal systems and low-lying
areas. Pages 361–409 in C. B. Field, editor. Climate
change 2014: impacts, adaptation, and vulnerabil-
ity. Part a: global and sectoral aspects. Contribution
of Working Group II to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge,
UK.
Yahdjian, L., O. E. Sala, and K. M. Havstad. 2015. Ran-
geland ecosystem services: shifting focus from sup-
ply to reconciling supply and demand. Frontiers in
Ecology and the Environment 13:44–51.
Yandow, L. H., A. D. Chalfoun, and D. F. Doak. 2015.
Climate tolerances and habitat requirements jointly
shape the elevational distribution of the American
Pika (Ochotona princeps), with implications for cli-
mate change effects. PLOS ONE 10:e0131082.
Zhang, C., J. Wu, N. B. Grimm, M. McHale, and A.
Buyantuyev. 2013. A hierarchical patch mosaic
ecosystem model for urban landscapes: model
development and evaluation. Ecological Modelling
250:81–100.
 v www.esajournals.org 30 May 2021 v Volume 12(5) v Article e03432
SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH IWANIEC ETAL.
